Ferromagnetic Heusler alloys can be used in combination with semiconductors to create spintronic devices. The materials have cubic crystal structures, making it possible to grow lattice-matched heterojunctions by molecular beam epitaxy. However, the development of devices is limited by the difficulty of growing epitaxial semiconductors over metallic surfaces while preventing chemical reactions, a requirement to obtain abrupt interfaces and achieve efficient spin-injection by tunneling. We used a solid-phase epitaxy approach to grow crystalline thin film stacks on GaAs(001) substrates, while preventing interfacial reactions. The crystallized Ge layer forms superlattice regions, which are caused by the migration of Fe and Si atoms into the film. X-ray diffraction and transmission electron microscopy indicate that the trilayers are fully crystalline, lattice-matched, and have ideal interface quality over extended areas. Published by AIP Publishing.
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The combination of ferromagnetic Heusler alloys with semiconductors is of great interest for applications in the field of spintronics.
1, 2 The Heusler alloys span a wide range of ferromagnetic compounds, many of which are predicted to be half-metallic. [3] [4] [5] Heusler ferromagnets (FM) have cubic crystal structures that can often be combined with III-V and IV semiconductors (SC), making it possible to create latticematched heterojunctions by molecular beam epitaxy (MBE). Heusler alloys have hence been used as spin injection layers to create a variety of devices including spin-transistors 6,7 and spin-valves. [8] [9] [10] Vertical spin-selective devices made of FM/ SC/FM thin film stacks were envisaged recently. [11] [12] [13] [14] However, the realization of such structures remains difficult due to the necessity of overgrowing a metal with a semiconductor by MBE.
Indeed, a longstanding challenge in materials engineering is the growth of epitaxial semiconductors over metals while preserving crystallinity and good interface quality. The difficulty originates from incompatible crystallization energies. Semiconductors require higher growth temperatures at which the bonds of most metals (and Heusler alloys) are susceptible to dissociate, causing chemical reactions and rough interfaces. This technical problem has critical repercussions on device usability. In order to achieve high spininjection efficiency, the details of the atomic ordering at the interface must be carefully controlled. 15 The conductivity mismatch between Heusler alloys and semiconductors requires transport by tunneling between the layers in order to preserve spin coherence, 16 which is only ensured by a cautious adjustment of the barrier profile. [17] [18] [19] Further evidences show that intermixing and reactions at the FM/SC interface play a significant role on spin transport. [20] [21] [22] In this work, we studied the possibility to create Fe 3 Si/ Ge/Fe 3 Si thin film stacks on GaAs(001) while preventing interfacial reactions. We used a solid-phase epitaxy (SPE) approach whereby Ge is deposited at low temperature on ferromagnetic quasi-Heusler compound Fe 3 Si and crystallized by annealing, a method that has been successful for other types of semiconductor thin films. 23, 24 The materials chosen are known to have a very small lattice misfit 25 (as low as 0.08% for Ge and Fe 3 Si). Furthermore, Ge grows crystalline at low temperatures for a semiconductor, which offers better chances of preventing reactions with a metallic substrate during annealing. High quality Fe 3 Si has been grown on Ge(111) by MBE, 26, 27 the resulting Schottky barrier could be measured, 28 and Fermi level pinning mechanisms were investigated. 29, 30 Spin injection from Fe 3 Si to Ge has been demonstrated. 31 It was shown previously that single crystal Ge films can be grown on Fe 3 Si(001) with smooth interface over about 80% of the sample surface at 325 C, while growing at lower temperatures yields films with very abrupt interfaces but amorphous structures. 13 FM/SC/FM hybrid trilayers could be grown with a variety of Heusler alloys in combination with Ge and Si in the (111) orientation using surfactant-mediated MBE 14 and low-temperature MBE. 11, 32 However, the (001) orientation is preferable as it is more frequently used for semiconductor technology.
As opposed to MBE direct growth, our SPE approach deposits atoms on a relatively cold substrate. This aspect plays an important role in keeping the metallic surface atomically flat during deposition. Amorphous Ge being already in contact with the smooth underlying Fe 3 Si layer, slow annealing ensures the formation of a lattice-matched interface. After determining the optimal annealing temperature, rate, and time, it has then been possible to realize fully crystalline thin film stacks of unprecedented quality in the (001) orientation.
The trilayers are achieved by a combination of low-temperature MBE growth and SPE crystallization. GaAs(001) substrates are first prepared with a 350 nm GaAs buffer layer grown by MBE at 540 C and As-terminated. The samples are afterwards transferred into a chamber dedicated to metallic compounds, where a film of procedures that ensure an abrupt interface with the underlying GaAs substrate. 25, 33 An amorphous layer of Ge is then deposited at 150 C. Reactions with Fe 3 Si were shown to be unlikely at this temperature, 13 so no byproducts should be created at this stage. To crystallize the amorphous Ge, the samples are heated at 5 C/min up to temperatures (T A ) between 240 C and 380 C and then annealed for 10 min. To obtain the complete layer sequence, a capping Fe 3 Si is grown on the crystalline layer using the same growth conditions as for the initial one. The SPE method was tested and shown to be effective for Ge layers with nominal thicknesses ranging from 4 nm to 9 nm. The Fe 3 Si layers were grown with various thicknesses between 9 nm and 36 nm.
All steps of the growth were monitored in situ by reflected high-energy electron diffraction (RHEED). The surface roughness of the layers was measured by atomic force microscopy (AFM). The thin film stacks were analyzed by X-ray diffraction (XRD) using an X-Pert PRO MRD TM system with a CuKa 1 radiation source at wavelength k ¼ 1:54056 Å . The samples were also studied using a transmission electron microscope (TEM), for which they were prepared by mechanical lapping, polishing, and argon ion milling using standard techniques. The TEM system used was a JEOL 3010 operating at 300 kV. Selected area electron diffraction (SAD) capabilities of TEM were used to probe the lattice of the crystallized Ge film. In addition, a JEOL 2100F TEM operating at 200 kV was used for high resolution (HR) imaging. The crystal orientation of the capping Fe 3 Si film was investigated by electron backscattered diffraction (EBSD) using a Zeiss ULTRA 55 scanning electron microscope.
The set of adequate annealing parameters was determined by studying the effects of heating on the surface roughness, interface quality and Ge crystallinity. Bilayer samples with 9 nm of amorphous Ge on top of Fe 3 Si were annealed at temperatures T A ranging between 200 C and 380 C, using different heating rates (R H ) and times (t A ). The AFM measurements revealed that a slower R H (i.e., 5 C/ min) is preferable, as it yields smoother Ge surfaces with rms roughness as low as 1 nm. During the annealing, crystallization is indicated by the appearance of streaks in the otherwise foggy RHEED pattern. Such streaks were generally observed starting from 240 C. In the first 10 min after reaching the desired T A , the features of the RHEED pattern evolve and generally become clearer, meaning that the Ge crystallinity improves. Annealing for longer t A did not produce considerable changes in the RHEED and tended to increase surface roughness.
Of all parameters, T A has the biggest influence on the characteristics of the thin film stacks. XRD was used to track the evolution of the Fe 3 Si/Ge interface quality and to reveal the nature of the crystalline compounds formed during annealing. Figs. 1(a) and 1(b) show diffraction curves of multiple Fe 3 Si/Ge (9/9) nm samples annealed at 5 C/min up to different T A for 10 min. Before annealing, amorphous Ge is invisible as there is no regular lattice for diffraction to occur. The sharp GaAs substrate peaks are superimposed with the Fe 3 Si film peaks. The latter show thickness oscillations with a period corresponding to 9 nm. Then, as T A is increased, other peaks become visible. The curves corresponding to T A of 240, 280 and 320 C contain essentially the same features (although less pronounced for T A ¼ 240 C). The Fe 3 Si film thickness oscillations are preserved, meaning that the interfaces with GaAs and Ge are still abrupt. The crystallization of the amorphous Ge layer is responsible for the emergence of other peaks around 16 , 25 , 35 , 45 , and 57 . As will be discussed, the location of these peaks indicates that the crystallized compound cannot be pure Ge, but rather Ge(Fe,Si). For the sake of clarity, the layer will still be called a Ge layer in the following sections, keeping in mind that it contains some unwanted amount of Fe and Si. Future investigations will aim to reduce diffusion into the Ge film in order to retrieve XRD peaks that coincide with the GaAs substrate peaks. For T A 320 C, undesired byproducts such as Fe 2 Si form at the expense of a single crystalline film. The Fe 3 Si thickness oscillations are also suppressed, which further denotes that the interfaces were deteriorated. Based on these results, the best T A range for the preparation of the trilayers is 240-260 C. Figure 2 shows the in-situ RHEED images taken after each layer during the growth sequence of a single The clarity of the streaks in the crystallized Ge pattern is also a proof that the SPE yields a high quality film. The presence of Kikuchi lines in all images shows that the surface of the layers remains very flat. Subsequent EBSD characterization (not shown here) confirmed that the top Fe 3 Si is indeed single crystalline. Fig. 3 shows cross-section high resolution (HR) TEM (a), dark-field TEM (b) and SAD (c) images of a trilayer stack with nominal film thicknesses of (36/4/12) nm. The observed Ge thickness is 3 nm. The high resolution STEM micrograph illustrates the superior quality of the films. Once again, one notices that the underlying (36 nm) and capping (12 nm) Fe 3 Si layers have the same growth orientation. Both interfaces are sharp and uniform over extended areas (Fig.  3(b) ).
In some regions of the samples, as shown in Fig. 3(a) , a superlattice forms spontaneously during the crystallization of Ge. The vertical layered structure has a periodicity of about 1 nm, twice the lattice constant of regular diamond cubic Ge. This superlattice is likely caused by the migration of Fe and/ or Si atoms during the annealing. Similar superstructures were previously observed in the SiGe epitaxial films. 34 However, the mechanism behind the phenomenon depicted in Fig. 3(a) remains unclear. The modification of the lattice is significant and must be caused by a percentage of Fe and Si that goes beyond the doping level, but the exact composition and structure of the compound are still uncertain. So far, the layer is regarded as a Ge(Fe,Si) single crystal, where the Fe and/or Si atoms sit on regular lattice sites. The migration of Fe and Si into the Ge film leads to tetragonal deformation of the originally cubic Ge, as visible in the XRD curves of Fig. 1 . The Ge(002) and (004) reflection peaks are displaced to higher angles by about 1 -2 , indicating that the crystallized compound has a smaller lattice spacing. Furthermore, the satellite peaks appear between the Ge(002n) reflections at angles that are generally forbidden for diamond structures. The SAD pattern shown in Fig. 3(c) provides an additional evidence for a single crystalline film. The satellite peaks caused by the superlattice are also visible as faint spots labeled 001, 00 1, 003, and 00 3. the three broader peaks, two of which exhibiting Fe 3 Si film thickness oscillations (about the GaAs(002) and (004) reflections). The satellite peak associated with the superlattice (at x ' 25 ) cannot carry Fe 3 Si oscillations, as this reflection is usually forbidden for cubic Fe 3 Si (e.g., B2 structure). The Ge is itself too thin to generate visible oscillations. However, as the films get thicker, the intensity of the peaks increases while their width reduces. This correlation establishes a clear link between the three peaks and the crystallized Ge layer. The stacks have well-defined Fe 3 Si/Ge interfaces as seen from the number of Fe 3 Si film thickness oscillations. The addition of the capping Fe 3 Si layer creates a beating pattern in the diffraction curves. The 36 and 12 nm films produce oscillations with periods in a ratio 1:3, inversely proportional to their respective thicknesses. The XRD curves are effectively a convolution of the individual film contributions. The possibility to resolve the films in this way confirms that the SPE approach yields ideal abrupt interfaces over the whole area of the samples.
Fully crystalline Fe 3 Si/Ge/Fe 3 Si thin film stacks with ideal interface quality were grown. SPE was used as a solution to grow crystalline Ge on top of metal Fe 3 Si. The fact that Ge was deposited at low temperature helped to keep the Fe 3 Si surface atomically flat, which played an important role in the creation of a sharp interface during annealing. The superior nature of the films was revealed by their individual contributions to the XRD curves. STEM and RHEED showed that the films are lattice-matched single crystals with pristine interfaces. The crystallized Ge layer forms superlattice-regions causing satellite peaks. The migration of Fe and Si atoms is probably responsible for this lattice modification. The resulting Ge(Fe,Si) is however a single crystal; otherwise, the capping Fe 3 Si could not be grown with such high quality while preserving lattice orientation. The SPE approach is therefore a convenient tool to explore the combination of ferromagnetic Heusler alloys with semiconductors in the FM/SC/FM configuration, a step towards the implementation of vertical spintronic devices.
